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Abstract. We have demonstrated and modeled a simple and efficient method to transfer atoms from a first 
Magneto-Optical Trap (MOT) to a second one. Two independent setups, with cesium and rubidium atoms 
respectively, have shown that a high power and slightly diverging laser beam optimizes the transfer between 
the two traps when its frequency is red-detuned from the atomic transition. This pushing laser extracts a 
continuous beam of slow and cold atoms out of the first MOT and also provides a guiding to the second 
one through the dipolar force. In order to optimize the transfer efficiency, the dependence of the atomic flux 
on the pushing laser parameters (power, detuning, divergence and waist) is investigated. The atomic flux is 
found to be proportional to the first MOT loading rate. Experimentally, the transfer efficiency reaches 70 %, 
corresponding to a transfer rate up to 2.7 x 10* atoms/s with a final velocity of 5.5 m/s. We present a simple 
analysis of the atomic motion inside the pushing-guiding laser, in good agreement with the experimental 
data. 

PACS. 07.77.Gx, Atomic and molecular beam sources and detectors - 32.80.Lg, Mechanical effects of light 
on atoms, molecules, and ions - 32.80.Pj, Optical cooling of atoms; trapping 



1 Introduction 



The realization of degenerate quantum gases requires the 
production of an initial dense and cold trapped atomic 
sample. The lifetime of the trapped atoms must be long 
enough to allow for appropriate evaporative cooling ramps, 
lasting up to several tens of seconds. A standard vapour 
Magneto-Optical Trap (MOT) setup cannot always sat- 
isfy this last condition because of the relatively high back- 
ground pressure of the atomic vapour in the cell. The use 
of a dispenser [1] or of a desorption source [11|3] to load 
the MOT does not usually provide a trap lifetime longer 
than a few seconds. To obtain the required lifetime, the 
MOT has to be placed in an ultra-high vacuum chamber 
and loaded from a cold atom source, in general a slow and 
cold atomic beam. One of the demonstrated and widely 
used methods to create a cold atomic beam is the Zee- 
man slower technique. However, this solution requires an 
important technical development of different experimental 
techniques than the one implied in a MOT setup. In this 
paper, we will then concentrate on the transfer of atoms 
from a first cold source to a trap situated in a second high 
vacuum chamber. 
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There are several ways to transfer atoms from a cold 
atomic source to the high vacuum chamber. Mechanical 
devices [4] or magnetic guides j5j are used to implement 
an efficient transfer of atoms initially in a MOT directly 
to either magnetic, electrostatic or atom chip traps. Other 
techniques, based on quasi-resonant light forces, allow a 
faster transfer to a recapture MOT. Beam velocities low 
enough to allow the capture in a MOT in an ultra-high 
vacuum chamber can be obtained by the pyramidal MOT 
[51[7], the conical mirror funnel [5] or the two-dimensional 
MOT Pl0illlill2| . Even simpler devices exist such as the 
low velocity intense atomic source (LVIS) |13l[HlfT5] . Very 
high flux, up to 3 X 10^^ atoms/s, have been reported with 
a transversely cooled candlestick Zeeman slower type of 
setup [TB]. However, the counterpart of this large flux is 
a higher atomic velocity, 116 ni/s in this last experiment, 
which is by far too high to load a second MOT. A pulsed 
multiple loading, starting from a three-dimensional MOT, 
has been performed in Ref. [17] . The atoms are pushed 
by a near resonant laser beam resulting in a high number 
of atoms 1.5 x 10^" in second MOT, loading rate 2 x 10^ 
atoms/s and allow lower velocity 16 m/s. However, the 
transfer is based on using an hexapole magnetic field, pro- 
duced by a current above 60 A, which complicates the ex- 
periment. Simpler devices, without magnetic guiding, have 
achieved similar result by using continuous transfer P^SIIT^ 
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I20j . In these experiments, a thin extraction column is cre- 
ated in the centre of a MOT and, due to a radiation pres- 
sure imbalance, a continuous beam of cold atoms is pro- 
duced. It is possible to couple these simple devices with a 
distinct dipolar atomic guide [21] . We propose here to use 
the same laser beam for pushing and guiding the atoms, 
resulting in an even simpler setup. 

This paper reports on a double MOT setup combining 
the ability of a pushing laser to extract the atoms from 
a first trap (MOTl) and to guide them to a second trap 
(M0T2). The idea is to merge the leaking MOT technique 
[T3 l fT8 l lT9] with the red-detuned far off-resonance optical 
dipole guide technique [22 l [23 j l24] . Two experiments have 
been simultaneously performed in two different laborato- 
ries, with different atoms: ^^'^Cs at Laboratoire Aime Cot- 
ton and ^^Rb at Laboratoire de physique des lasers. Our 
setups are as simple as the one used in the leaking MOT 
techniques, but provide a higher flux and a lower atomic 
beam velocity. We can achieve a transfer efficiency up to 
70 % with a mean atomic velocity 4 to 12 m/s depending on 
the pushing beam parameters. Our setups are very robust 
against mis-alignments of the pushing and guiding laser 
beam, and small variations of its detuning or power. The 
only requirement is a sufficiently high laser power (tens of 
mW) to produce a significant dipolar force to guide the 
atoms during their flight. 

This paper is organized as follows: in section 2 we give 
details on the experimental realization of the beam and dis- 
cuss the role of MOTl parameters. In section 3 we describe 
theoretically the pushing and guiding processes during the 
atom transfer. Section 4 discusses the experimental param- 
eter dependences of the setup as compared with the theory. 
Finally we present a comparison with other available tech- 
niques. 



2 Experimental realization 
2.1 Experimental setup 

The vacuum system is similar in both experiments, except 
for a slight difference in the design of the differential vac- 
uum tubes and the M0T2 cells. 

For the cesium (resp. rubidium) experiment the setup 
consists of two cells vertically separated (see Figure[T]). The 
distance between the two traps is = 57 cm (resp. D = 
72 cm) . A reservoir connected to the upper source cell sup- 
plies the atomic vapour. The recapture chamber is a glass 
cell with 1 X 1 X 10 cm'^ (resp. 1.25 x 7.5 x 12 cm'^) volume. 
A differential pumping tube located 3 cm (resp. 10 cm) 
below MOTl provides a vacuum within the 10~^^ mbar 
range in the bottom M0T2 cell while in the MOTl cell 
it is in the 10^^ — 10^^ mbar range. For the cesium ex- 
periment, the tube is 18 cm long and has a conical shape 
(3 mm diameter at its top and 6 mm at its bottom part) 
whereas it is cylindrical, 12 cm long and 6 mm diameter 
in the rubidium experiment. 

In both cases, MOTl runs in a standard magneto-optical 
trap configuration with a magnetic field gradient around 
15G/cm along the horizontal axis of the MOTl coils. All 




Lens 



W|) - waist 



MOTl cell 



differential 

pumping 

tube 



M0T2 cell 



Fig. 1. Scheme of the experimental setups. The parameters 
used in the discussion (/, D, zo, wo) are labeled on the picture. 
The vertical z axis is oriented downwards. 



the laser beams have a 2.5 cm diameter (clipped by the 
mounts of the quarter-wave plates) and are provided by 
laser diodes. In the rubidium experiment, the laser is di- 
vided into 3 retroreflected beams carrying 10 mW laser 
power. They are 10 MHz red-detuned from the ®^Rb 5s(F — 

2) 5p3/2(F' = 3) transition. In the cesium experiment, 
two 5 mW radial beams are retroreflected and make an 
angle ±45° with the vertical axis. Each of the two (non re- 
flected) axial beams carries 10 mW laser power. They are 
15 MHz red-detuned from the Cs 6s(F = 4) ^ Qpz/2{F' = 
5) transition. The 5 mW repumping light, with a frequency 
on resonance respectively with the Cs transition 6s (F = 

3) -> &Pi/2{F' = 4) and the ®^Rb transition 5s(F = 1) ^ 
5p3/2 {F' = 2), is mixed with all the trapping beams. In 
M0T2, the trapping beams are limited to about 2R = 
8 mm in diameter in both experiments due to the cell di- 
mensions and in order to reduce the scattered light. 

In addition to these trapping lasers, the linearly polar- 
ized pushing-guiding beam, red-detuned from the MOT 
{F — > F + 1) transition (F = 4 for Cs, F = 2 for 
^^Rb) with maximum power of Pq = 63 mW for Cs (resp. 
Pq = 21 mW for Rb), is aligned vertically into the trap. 
The parameters used in both experiments are summarized 
in Table [TJ In contrast with the similar setups reported in 
[TSlllQj . the pushing lasers are not frequency- locked in our 
experiments. The detuning is chosen to optimize the trans- 
fer efficiency and is found to be such that the number of 
atoms in MOTl is roughly reduced by a factor ten when 
the "pushing-guiding beam" is present. The beam is fo- 
cused at position zq = —34cm (resp. zq = — 13 cm) before 
MOTl by a lens / = 2 m (resp. / = 1 m). It is not perfectly 
Gaussian, however the waist at position z is still given by 

200 fim (resp. 



w{z) — wo\/l + {z — ZqY / where wq 
300 /im) is the measured minimum waist and z/j — 110 mm 
is the estimated Rayleigh length (resp. zr — 260 mm. 
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Table 1. Pushing beam parameters used in cesium and ru- 
bidium experiments (see text and Figure [TJ. All distances are 
given in mm, the laser power P is in mW. wo, wi and W2 are 
the pushing beam radius at at focus, MOTl and MOT2 

positions, respectively. 
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measured value for Rb). It diverges to a 1/e^-radius of 
wi = 0.65 mm (resp. 0.33 mm) in MOTl and about 1.7mm 
(resp. 1.0 mm) in M0T2. The larger size of the beam at the 
position of M0T2 limits the perturbation of the trapping 
and cooling mechanisms. 



2.2 Flux from MOTl 

Experimentally, the main features of the atomic beam are 
deduced from the loading characteristics of MOTl and 
M0T2, where the number of atoms is determined using 
a calibrated photodiode monitoring the scattered MOT 
light. The main goal is to have the highest possible re- 
capture rate of atoms in the M0T2 region. This ingoing 
flux is obviously related to the characteristics of MOTl. 

The extraction process can be summarized as follows 
P^[T^ . In MOTl hot atoms are first decelerated by the 
MOT radiation pressure, then slowly moved to the cen- 
tre of the trap where they are extracted by the pushing 
laser. In addition to its pushing effect, the laser beam 
shifts the atomic levels by a few natural linewidths so that 
a transverse cooling of the atomic beam takes place dur- 
ing extraction, limiting the initial atomic temperature to 
about 25 /iK for Cs (40 /iK for Rb). Moreover, the trap- 
ping forces are reduced and the pushing beam becomes 
dominant. Hence, atoms are extracted from the trap and 
accelerated in the direction of M0T2. After the transfer 
to the second chamber, the atoms are finally recaptured in 
M0T2 by radiation pressure. 

In a first set of experiments, we study the flux of atoms 
extracted from the upper chamber. This outgoing flux de- 
pends on the number of captured atoms in MOTl, which is 
related to the background pressure of the alkali vapour. As 
there is no direct access to the background pressure value, 
we have measured the loading time of MOTl, which, in 
a large regime of operating parameters, is inversely pro- 
portional to the atomic pressure in the source cell. The 
number of atoms in a MOT in the stationary regime is [25j 



N 



L 



1 + lp + (in 



(1) 



where L represents the loading rate of the MOT, 7 is the 
loss rate due to background collisions, 7p gives the loss rate 
induced by the pushing laser, j3 is the rate of the cold two- 
body collisions between the trapped atoms, and n is the 
average atomic density in the MOT. The density in MOTl 




Fig. 2. Dependence of the MOT2 parameters on the MOTl 
loading time r in the Cs experiment. A''i is the number of atoms 
in MOTl without pushing beam, Lout is the atomic flux, L2 the 
loading rate of MOT2 and the number of recaptured atoms 
in MOT2. 



is limited to about 10^" atoms/cm^, so that the term (3n 
is negligible in both setups. 

Loading rates in both MOTs are given by the measured 
initial slope of the number of trapped atoms in the MOT 
versus time. In M0T2, this measure is performed after sud- 
denly switching on the pushing laser and waiting for the 
arrival of the first atoms. In MOTl, the loss rate 7 is in- 
ferred by measuring the 1/e-loading time r (7 = l/r in a 
wide range of vapour pressure [25]) or by dividing the load- 
ing rate ii by the number of atoms Ni measured when the 
pushing beam is off. When the pushing laser is switched 
on, the loss processes in MOTl increase drastically. If A^f 
is the number of atoms in MOTl in the presence of the 
pushing beam, then Lout = Ip^i is the flux of atoms leak- 
ing out of MOTl through the optical guide. We deduce it 
from parameters we already measured via the formula: 



Lout = ii - iNl. 



(2) 



To get the data plotted on Figure [H r is tuned by vary- 
ing the background pressure. Whatever the background 
pressure, the number A^i of atoms is approximately con- 
stant. At high background pressure {i.e. low values of r), 
the outgoing atomic flux Lout increases with the loading 
time r because the number of atoms without pushing beam 
A^i slightly does. Then at relatively low pressure Lout de- 
creases, following the behaviour of the MOTl loading rate 
Li (inversely proportional to r). The loading rate of M0T2 
L2 and the number of atoms N2 in M0T2 are presented 
as a function of r on Figure [2l Their dependence with 
the MOTl loading time is similar to that of the atomic 
flux Lout- The overall efficiency of the transfer process is 
defined by the incoming flux in M0T2 divided by the out- 
going flux from MOTl, that is L^/Lo^t. 

We conclude that for higher M0T2 loading rate we 
need a relatively high background pressure in MOTl and 
a large laser power in the trapping beams (to have higher 
Ni value). For our experimental conditions the optimum 
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is at a MOTl loading time of about 1-2 s. The data pre- 
sented here were not taken with optimized pushing-guiding 
beam parameters, the efficiency being here limited to typ- 
ically 10%. Once these parameters are well set we are able 
to achieve maximum transfer efficiency of about 70% for 
Cs (resp. 50% for ^''Rb), without affecting the overall de- 
pendence of the different quantities on the MOTl loading 
time. 



The atoms absorb and emit spontaneously photons at 
a rate 

r s r i/i. 



r' 



2 1 



2 1 



which gives a pushing force 
-Fpush = r'hk 



r'Mvr. 



(4) 



(5) 



3 Pushing and guiding processes 

After leaving the MOTl region, the atomic beam is no 
longer affected by the MOTl lasers and is guided due to 
the attractive dipolar force created by the red-detuned 
pushing-guiding beam. In this section, we describe the 
guiding process using an analytical model similar to that 
given in references p2l[24] . The total force applied on the 
atoms is the sum of a radiation pressure "pushing force" 
Fpush and of a dipolar "guiding force" F = — Vt/, where 
U is the guiding potential. The gravitational force plays a 
minor role in the loading process. 

A two- level model function of the laser parameters (power, 
detuning and waist) describes qualitatively the experimen- 
tal dependence of the transfer efficiency between the two 
MOTs. A more detailed quantitative analysis of the pro- 
cesses is proposed in the rest of this section. 



where Urcc = /M is the recoil velocity and M the atomic 
mass. The velocity increases due to photon absorption, and 
the number of scattered photons to reach the position z 
is approximately v{z)/vi-cc = •\/2_r'z/z;rec- The pushing 
process is also responsible for a heating due to random 
spontaneous emission in all directions. The mean horizon- 
tal kinetic plus potential energy per atom iksT in the 
2D confining potential is increased by two third of the re- 
coil energy E^oc = = fcB7ioc/2 at each scattering 
event pSll24| . This gives rise to a horizontal kinetic tem- 



perature 



v{z) Tree 
Vr-cc 6 



(6) 



To have an efficient pushing-guiding beam we require 
in this simple two-level approach that the atoms remain 
trapped in two dimensions inside the guide during the 
whole transfer. This condition is 



2kB.Th{z) <\Uo\ for all z. 



(7) 



3.1 Two-level model 

In this first simple model we neglect gravity, the initial ve- 
locity and temperature of the atoms and beam divergence. 
We consider the atoms as a two-level system with a transi- 
tion energy ?iwo, a natural linewidth F {r/2Ti — 5.2 MHz 
for Cs, 5.9 MHz for Rb) and a saturation intensity Is — 
Ihck^^ (1.1 mW/cm^ for Cs, 1.6 mW/cm^ for Rb). We 
use here z as the vertical coordinate along the laser beam 
propagation with origin in the centre of MOTl and r for 
the radial cylindrical coordinate (see Figure [T]) . For this 
two-level model, the waist w of the pushing-guiding laser 
is assumed to be constant and equal to its experimental 
value at MOTl position z = 0. The laser beam has a power 
Po, a wave vector k = 27r/A, and an angular frequency uj 
detuned hy 5 = lo — ujq with respect to the atomic transi- 
tion. 

The on-axis light shift is given by C/q = ^ ln(l -I- s) 
where s = {I / Is) / {1 + iS'^ / F"^) is the saturation parameter 
and / = 2Pq / {■KuP') is the peak laser intensity. As the laser 
is far detuned, saturation is always very low and one can 
simply replace ln(l + s) by s in this expression. In this 
limit, the guiding potential is 



As the horizontal velocity spread increases with z, this is 
equivalent to 2kBTh[D) < |?7o|. A second constraint is that 
the beam velocity at the M0T2 position {vheam) should be 
lower than the capture velocity (^capture) of the MOT 



'^bcam ^capture- 



(8) 



Uoe- 



(3) 



As the waist is considered constant, the guide does not 
affect the longitudinal motion. On the contrary, it is crucial 
for confining the transverse motion. 



The value of Ucapture is on the order of the maximal velocity 
for an atom to be stopped on the MOT beam diameter 
distance 2R, that is Ucapturo ~ V FRvrcc 25]. As a result, 
we evaluate ^capture to be about 21 m/s for cesium and 
30 m/s for rubidium. 

The efficiency of the pushing-guiding process is deter- 
mined by how deep the conditions ([7]) and ([5]) are verified. 
To describe qualitatively the guiding efficiency in relation 
with these conditions, we propose to describe each con- 
dition by a function /, equal to zero when the inequal- 
ity is strongly violated and to 1 when it is fully verified, 
with a continuous transition between these two extremes. 
The guiding efficiency is then described by the product 
j(^2kBniD) ^ X fi vlZZJ conditional functions. 

The result is given for Cs in Figure [3] as function of the 
laser detuning, with Ucapturc = 21 m/s and the function / 
chosen arbitrarily to be f{x) — j-rpir- 

A comparison of the two-level model with experimen- 
tal results (see Figure [71 left) presents a good qualitative 
agreement, reproducing the presence of an optimal red de- 
tuning at given laser power. The maximum transfer effi- 
ciency increases with the power of the pushing beam while 
the position of the peak is shifted to larger absolute values 
of the detuning. This simple model is sufficient to derive 
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Fig. 3. Efficiency (see text) of the pushing-guiding processes 
versus laser detuning 5 for a 650 /^m waist laser beam with 
different laser power 10 mW (dashed line xlOOO) and 46 mW 
(solid line). The other parameters are: initial temperature To = 
25 ^tK, /sat = l.lmW/cm^ T = 27rx5.2MHz, Vrec = 3.5mm/s, 
Tree = 0.2 and the two MOT cells are separated by 57 cm 
(the values used are those of the Cs experiment). 



the main conclusion: the transfer is more efficient with a far 
red-detuned and intense laser beam. However, the theory 
predicts a peak further from resonance than observed ex- 
perimentally. Moreover, the sensitivity to the laser power is 
much more pronounced than observed in the experiment. 
This motivates a more detailed analysis of the processes 
operating during the travel of the atoms from MOTl to 
M0T2. In particular, the effect of optical pumping to the 
lower hyperfine state has to be considered. 



3.2 Optical pumping 

The absorbed photons can lead to optical pumping be- 
tween the two hyperfine levels of the ground state which 
have different laser detuning with respect to the pushing 
laser. Indeed, very quickly after leaving the MOTl region, 
the atoms are pumped essentially in the lower ground state 
F = 3 for cesium (resp. F = 1 for rubidium) as there is 
no repumping laser light superimposed with the pushing 
laser beam. This optical pumping is essential for a good 
transfer efficiency, as it greatly reduces the final velocity 
of the atomic beam (see sections 13.61 and [4.21) . However, a 
small population in the other ground state is still present, 
typically 1 to 3 percent for a linearly polarized beam, as we 
shall see [27|. As the radiation pressure is much larger for 
atoms in the upper ground state (about 100 times larger 
for detuning values discussed here), even this small frac- 
tion plays a role and both ground state populations have 
to be taken into account for the estimation of the pushing 
force. On the contrary, the dipolar force may be estimated 
by assuming that the atoms are only in the lower ground 
state, as this force is only about 10 times smaller than in 
the upper ground state, which is 100 times less populated. 



An estimate of the populations in the ground states is 
obtained by assuming an equal detuning for the transitions 
from the upper hyperfine ground state to all the hyperfine 
excited states. We define an "effective" detuning 6 S + 
Z\Hpg/2, where Zi^FS total width of the hyperfine 

structure in the excited state (^hfs — ^^0 MHz for Cs 
and ^HFS — MHz for ^"^Rb respectively). Using this 
mean detuning S we calculate the pumping rates between 
the two hyperfine ground states. This is fairly good for 
large detunings (above 1 GHz from the cycling transition) . 
To illustrate our results we will choose the following typical 
values: d/2n — —2 GHz from the (F=4^F'=5) transition 
of the Cs (i.e. S/2tt = -1.70 GHz) and S/2n = -1 GHz 
(i.e. 6/2n = -750 MHz) from the (F=2^F'=3) transition 
of the ^^Rb. We also define Z\hfs as the hyperfine structure 
interval in the ground state (27r x 9.2 GHz for Cs, 2tt x 
6.8 GHz for ^^Rb) (See [28j). 

The ratio of populations in the upper hyperfine ground 
state Np+i and in the lower one Np may then be estimated 



F+l 



N 



F+l 



with a 



Np + Nf+1 
2F + 3 



6^ A 



HFS 



(9) 



9/7 for Cs {F = 3) 
5/3 for **^Rb (F = 1) 



2i^-|- 1 

The factor a is simply the ratio between the number 
of substates in the F+l and F ground states, to which 
Np+i/Np should be equal at a detuning large as compared 
to the hyperfine structure Z\hfs; the term involving the 
detuning is related to the ratio of excitation rates from 
the two hyperfine ground states. The formula leads to ry = 
3.2 % of the atoms in the Cs(6s, F — A) state and rj = 1.6 % 
in the Rb(5s, F = 2). This value is in excellent agreement 
with a full calculation taking into account all the different 
detunings with the hyperfine excited states. 



3.3 Pushing force 

Another factor should be considered: the laser mode shape. 
Indeed, a relatively strong divergence is needed in order to 
both efficiently push and guide atoms in the MOTl region 
and not affect the M0T2 operation. The guiding beam 
waist varies with position, according to 



w{z) = wo^Jl + (z- Zo)2/z|( . 



(10) 



The depth Uq is then modified along the atomic trajectory 
due to the change in the laser intensity and, taking into 
account the results of the previous section, the pushing 
force in the centre of the beam may be estimated as follows: 



r 

~ —hks{z){l + a). 



(11) 



where s(z) is the saturation parameter calculated for the 
lower ground state, at detuning S — Z\hfs- We take into 
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account the linear polarization of the pushing beam by 
multiplying s by a factor 2/3 in all calculations. We neglect 
however the small change in 6 due to the light shift, which 
is even reduced when the waist w{z) becomes larger. 

The mean pushing force is reduced due to the Gaussian 
transverse profile of the pushing beam and the finite size 
of the atomic cloud. This may be taken into account ap- 
proximately by dividing the force by a factor 2 ^24j. Note 
that this underestimates the initial pushing force, when the 
atoms are still well guided (rms radius less than w{z)/2), 
and overestimates it when the cloud size becomes larger 
than half the waist. As the mean pushing force now de- 
pends only on z, it may be written as the derivative of a 
"pushing potential" C/push: 

Upush{z) = ^hksoZR{l + a) arctan^ —. (12) 

^ zr 

where sq = s{zo). The velocity at each point is then eas- 
ily calculated by energy conservation (z axis is oriented 
downwards): 



v{z) 



vl + 2gz+ 



rvT:ccSQZfi{l + a) arctan 



Zr 



arctan 

ZR 



(13) 

1/2 



where vq is the input velocity in the guide. The effect of 
gravity is not dominant, but was taken into account by the 
2gz term, vq can be estimated as the output velocity of the 
MOTl region. We have calculated it using formula p3)) 
assuming that the atoms in the MOTl region have a zero 
initial velocity and are in the upper hyperfine ground state 
due to the presence of the repumping light {rj — 1). For 
instance, using a travel distance z roughly equals to the 
MOTl region radius (10 mm) and a laser power of 21 mW, 
we find that atoms enter the guide with a velocity ~ 9 
m/s for Rb; for the Cs parameters, we obtain in the same 
way Vq w 3.1 m/s. From Equation (|13p . we also infer the 

traveling time as At 



fD dz 
Jo v(z)- 



transverse oscillation frequency of the guide, is well ful- 
filled in both experiments except when the atoms move in 
the non harmonic part of the potential. This break-down 
of the adiabaticity occurs only when the atoms are close 
to leave the guide. This only marginally affects the guid- 
ing condition and will not be taken into account here, ujp 
varies with the inverse squared waist, and one has ojp{z) = 

2, 2 

ujp{Qi)w'^{Q)/w'^{z) = ujpiQ) , y .ll -i . To obtain an ex- 

pression for Th{z), valid while the atoms remain guided, we 
write the change in Th for a small change 6z in z. As the 
phase space density is conserved during this adiabatic cool- 
ing, the cooling contribution is proportional to the inverse 
squared waist. Spontaneous scattering is responsible for a 
supplementary heating term, proportional to the number 
of photons scattered during 6t = Sz/v: 



n{z + Sz)=Th{z) 



w'^jz) r_ Tree 6z 

w^{z + dz) 2*^'"'^ 6 v(z) 



(15) 



The temperature increase is Trcc/6 for each spontaneous 
scattering event. s{z) is proportional to l/w{z)'^, just like 
the oscillation frequency. Using the dependence in wlz), 
we obtain the following differential equation for Th: 

Using the expression of w{z), the solution of this equation 
reads: 



Thiz) 



Zn + Z 



(Z - Zo)2 + Zj 



To 



T r 

^ rcc ^ 

~6~ 2" 



dz' 



v{z') 



3.4 Guiding condition 



(17) 

where Tq is the initial temperature at the guide entrance. 
The integral in the last term is the time necessary for an 
atom to travel to position z. In the range of parameters 
explored in our experiments, the sum of these two terms 
decreases with z, but slower than the trap depth. As can be 
seen on Figure |4] (left), the mean horizontal energy 2kBTh 
becomes larger than the trap depth at some position Zout 
before reaching M0T2. However, as will be discussed be- 
low, this partial guiding is sufficient for limiting the size of 
the atom cloud to below the M0T2 beam diameter. 



As previously discussed, the light shift of the lower ground 
state is dominant in our case. The atoms leaving MOTl 
are thus guided by the on-axis light shift potential given 

by 



t^o(2) = s(z). 



(14) 



Equation ([7]) is still the strongest constraint for the 
choice of the parameters and becomes more and more dif- 
ficult to fulfil as z increases, because \Uq\ is reduced due 
to the beam divergence. The horizontal kinetic tempera- 
ture 7)1 (z) is evolving due to two opposite effects: photon 
scattering |29| is responsible for an increase of T/j while 
adiabatic cooling tends to lower it as the waist increases. 
The adiabaticity condition |c?Wp/di| ^ where is the 



3.5 Recaptured atoms 

For a good transfer efficiency, two main criteria have to 
be fulfilled. First, the atomic beam should stay roughly 
coUimated on a distance long enough to pass through the 
differential tube, and then the transverse cloud radius at 
the end should be comparable to the capture radius of 
M0T2. This means that even if they leave the guide before 
reaching M0T2, the atoms can still be recaptured. Second, 
the final longitudinal velocity of the atomic beam must not 
exceed the capture velocity of M0T2. As the atomic beam 
velocity is in any case lower than the capture velocity of 
M0T2, the recapturing mechanism is mostly limited by 
the matching between the atomic beam size and the size 
of the capturing region of M0T2. 
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Fig. 4. Evolution for the Rb experiment of different parameters with the traveling distance z between the two MOTs, at different 
powers: 15 mW (dashed lines) and 21 mW (solid lines); the initial temperature at the guide entrance was set to To = 40 /^K. 
The point Zout where the atoms leave the guide is marked by a vertical line. Left: mean horizontal energy 2fc_BT^ (thin lines, 
Equation [17} and trap depth |C/q| (bold lines, Equation I14p. Right: rms radius of the guided atomic beam. The radius of the 
M0T2 beams is marked by a horizontal line. 



The capture size of M0T2 is limited by the radius 
i? = 4 mm of the collimated trapping laser beams. Ac- 
cording to the former considerations about heating of the 
guided atoms (see l3.4p . the mean horizontal energy of the 
cloud is lower than the guiding trap depth over a distance 
-^out = 38 cm for a laser power of 63 mW and an initial tem- 
perature To = 25 /iK in the case of Cs (resp. ^out — 28.5 cm 
with To = 40 /^K and a laser power of 21 mW in the case 
Rb) (see Figure E]) . For simplicity we consider hereafter 
that all the atoms remain pushed and guided up to that 
point and then undergo a free ballistic expansion as they 
keep falling. Including this assumption in our model, we 
can evaluate the size of the atomic cloud Ar f as it reaches 
M0T2. While the atoms remain trapped, the cloud size 
is of the order oiuj~^{z)yJkBTh/m. The guiding step ends 
when fcsT/i reaches \U{){z)\/2, such that the rms size at the 
guide output is Arout = uj~'^{z)\J\Uo{z)\/2m = w{z)/^/8, 
that is Ar^nt — 470 ^m for Cs (resp. Ar^ut — 200 ^m for 
Rb). We assume a fixed temperature for the falling atoms, 
as the adiabatic cooling is not efficient for a non trapped 
cloud and the heating rate is also very low after Zout- Th 
is about 10 /uK for Cs and 25 /iK Rb. After the remain- 
ing falling time of 36 ms (resp. 36 ms for Rb) the atomic 
beam has a typical standard deviation for the transverse 
Gaussian atomic density distribution of Arf w 1 mm for 
Cs and Arf « 1.75 mm for Rb, smaller than M0T2 ra- 
dius, meaning that almost all the atoms are recaptured in 
M0T2 for both experiments. Note that this model allows 
to predict Ar{z) at any position z, as shown on figure Hj 
right. 

3.6 Transfer efficiency 

We come back now to an estimation of the transfer effi- 
ciency as discussed in section lXD and presented in Figure[3l 
Within the frame of the refined model presented now, we 
are able to compute a transfer efficiency in the same spirit. 
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Fig. 5. (Color online) Efflciency (see text) of the pushing- 
guiding processes versus laser detuning S, calculated for *^Rb 
for the parameter of the pushing beam given in text, with differ- 
ent laser power 10 mW (thin solid line, black), 15 mW (dashed 
line, red) and 21 mW (thick solid line, blue). The maximal cap- 
ture velocity in MOT2 has been fixed to ^capture = 30 m/s, the 
initial temperature to To = 40 and the M0T2 beam radius 
i? to 4 mm. The corresponding experimental values are shown 
on Figure [T] right. 

As we have seen in the previous section, the guiding is not 
required until the end for the whole cloud to be recaptured. 
We thus retained the two following conditions: (i) the ar- 
rival velocity has to be smaller than iicapturc and (ii) the 
cloud size must be less than the M0T2 beam waist. We 
then calculate the efficiency f[Ar{D)/ R]x 
/[t;(T')/t;capturG], with the function / previously used in 
section I3.1[ and plot it on Figure [5l The model predicts a 
good efficiency in a detuning range between -0.5 GHz and 
-1.6 GHz, the width of the large efficiency region being re- 
duced with a smaller laser power. These predictions have 
to be compared with the rubidium experimental data of 
Figure [71 right. The agreement is qualitatively good, and 
reproduces the main features. The two limits of the large 
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Fig. 6. Dependence of the number of recaptured atoms N2 in MOT2 on the pushing beam power. Left: Cs data. The experiment 
is done at four different frequencies (see the diagram in the centre). Right: *^Rb data, recorded at -1 GHz detuning from the 
5Si/2(-F = 2) 5P3/2(i^' = 3) transition. 



efHciency region have different origins: On the large de- 
tuning side, the efficiency drops due to an increase in the 
atomic cloud size, as the guiding potential is weaker. On 
the lower detuning side, close to resonance, the efficiency 
becomes limited by the final velocity, which is larger than 
the capture velocity of M0T2. On this side, theory fails to 
predict the less measured efficiency at lower laser power, as 
the mean detuning S approach (section l3.2p is not valid any 
more. In particular, the efficiency should drop to zero at the 
resonance with the rubidium 5Si/2{F = 2) ^ ^Pz/^iF = 
1) line, situated at 5/211 — —424 MHz and marked with a 
vertical line on Figure [5l 



4 Experimental results 

In this section, we present the experimental study of the 
guiding process and compare it with the above theoretical 
model. The dependence of the recaptured atom number 
on the pushing beam parameters are first investigated. We 
then measure the mean atomic velocity and the travel- 
ing time. During the experimental investigation the atom 
vapour pressure in MOTl is kept constant. 



4.1 Pushing Beam Parameters 

The parameters of the pushing beam that we have exper- 
imentally optimized are its divergence, waist, power and 
detuning. 



Divergence and waist In order to optimize the atomic 
beam characteristics we have first investigated the role of 
the laser beam waist, related to the divergence of the push- 
ing beam and to the pushing force. It is clear that the 
pushing-guiding beam should diverge, to have a signifi- 
cant effect on MOTl without disturbing M0T2. Moreover, 



this divergence provides an horizontal adiabatic cooling of 
the guided atoms. We have used three different lenses (/= 
0.75 m ; 1 m ; 2 m) to focus the pushing beam. For each 
lens the transfer efficiency is studied as a function of the 
focus distance from MOTl. The position of the lens is more 
critical than its focal length. The optimum is obtained with 
a lens / = 2 m for the Cs experiment (resp. / = 1 m for 
^^Rb) and distance from MOTl 34 cm (resp. ~ 13 cm), 
where the beam diameter on the MOTl region is « 1.3 mm 
(resp. « 0.6 mm). The measured waist at the focal point 
is 200 /xm (resp. 300 ^m). It leads to a divergence wq/zr 
of about 2 mrad (resp. 1 mrad). 

In conclusion we found that the best transfer efficiency 
occurs when the pushing beam, focused before MOTl, has 
a diameter smaller than 1 mm in MOTl and a divergence 
such that the beam diameter at M0T2 position is less than 
3 mm. In this sense our results are similar to the one found 
in references fTSlfTOl. 



Power and Detuning The recaptured number of atoms 
into M0T2 at different laser powers of the pushing beam 
and at different detunings for the two elements Cs and 
^^Rb is shown resp. on left and right of Figure [H 

It is first obvious that the best experimental conditions 
are achieved with a laser frequency red-detuned with re- 
spect to all atomic transitions (curve (a) in Figure [H left). 
The transfer efficiency is larger for a red-detuned laser fre- 
quency than for the other laser frequencies due to the fact 
that after leaving the MOTl area the atoms feel the push- 
ing light also as a guide. For such detunings, the atomic flux 
as well as the number of recaptured atoms N2 in M0T2 
increase when the power of the pushing light increases, and 
saturates at large power when all the atoms are efficiently 
guided to M0T2 (see also Figure [6l right). At a given de- 
tuning, an increase of the laser power leads to a decrease 
of the transfer efficiency, due to an excessive final velocity. 
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Fig. 7. (Color online) Number of atoms recaptured in M0T2 vs. pushing beam detuning for different optical powers. The 
vertical lines indicate the position of hyperfine resonance frequencies. Left: Cs data. The detuning is given with respect to the 
6>S'i/2(-F' = 4) — » 6P3/2{F' = 5) transition. The pushing beam power is 46 mW (squares), 10 mW (stars) or 2 mW (circles). Right: 
*^Rb data. The frequency is measured relatively to the 5Si/2{F = 2) 5P3/2{F = 3) cycling transition. Pushing beam power: 
10 mW (squares), 15 mW (circles), and 21 mW (triangles). 



a strong perturbation of both MOTs, and a large heating 
of the atoms. 

In order to optimize the conditions for the atomic beam, 
the influence of the detuning of the pushing light was in- 
vestigated in more details (see Figure[7]left and right resp. 
for Cs and ®^Rb). For a frequency close to resonance (cor- 
responding to the best conditions found in reference JISJ 
[TO] ) the number of recaptured atoms into M0T2 is much 
smaller than the one we could achieve with a much more 
red-detuned light and a higher power. In conclusion we 
find that the best loading of M0T2 is at highest possible 
power of the pushing laser beam and, given this power, at 
the value of red detuning optimizing the flux. 



4.2 Atomic beam velocity 

For a high recapture efflciency, a relatively slow and col- 
limated atomic beam is required (see section [33]) . After 
the pushing and guiding process, the atoms reach M0T2 
within a time delay At. This time has been measured 
in two different ways. First, one can record the M0T2 
fluorescence after having suddenly removed the atoms in 
MOTl (the MOTl laser beams are stopped by a mechani- 
cal shutter). In this case, one observes the delay after which 
the number of atoms in M0T2 starts to drop. The sec- 
ond method consists in pulsing the pushing beam through 
a permanently loaded MOTl. Both methods lead to the 
same result At « 130 ms for the Cs experiment at 63 mW 
power. In the Rb experiment presented in Figure [H the 
measured time delay as a function of the pushing beam 
power is obtained by using the second method. A simi- 
lar dependence on the pushing beam power is observed in 
the cesium experiment. The two-level model is not suffi- 
cient to describe accurately the atomic beam velocity, the 
predicted transfer time At being by far too short (see Fig- 
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Fig. 8. (Color online) Experimental (points) and theoretical 
results (solid lines) for the traveling time At between MOTl 
and MOT2 for different pushing beam powers. The beam is 
red-detuned by 1 GHz from the cycling transition of *^Rb, 
5Si/2{F — 2) 5Ps/2{F — 3). The theoretical calculations 
are done for both the two- level model approximation (blue lower 
curve) and for the more detailed model described above (red 
upper curve) . In the calculations the radius of MOTl trapping 
region is 10 mm. 



urelHl lower curve). On the contrary, the theoretical model 
presented in section [231 Equation (fT^ describes well the 
experimental results as demonstrated on Figure [8] From 
the model, we also deduce the final longitudinal velocity 
of the atomic beam v ^ 5.5 m/s (resp. 12.6 m/s for Rb). 
Note that this final velocity is not very different from the 
mean velocity D/At, as the acceleration stage takes place 
essentially in the MOTl zone, where the atoms remain in 
the F + 1 state thanks to the repumping MOT beams. 
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5 Conclusion 

In our work we have studied a very efficient setup to trans- 
fer cold atoms from a first MOT to a second one. Our 
setups have a similar geometry to the ones described in 
references [T81IT9] . but due to the higher laser power (tens 
of mW) we could achieve a partial dipolar guide for the 
atoms at a larger detuning (1 GHz typically). As a result, 
the mean longitudinal velocity of the atomic beam is lower 
(4.3-12 m/s) than in these previous experiments (15 m/s). 
Moreover, thanks to the lower sensibility of the method 
to the frequency of the pushing laser, its frequency does 
not need to be locked (see for instance the detuning de- 
pendence in Figure [71 right) and the setup is much more 
robust to small mis-alignments of the pushing beam. The 
atomic flux is limited only by the number of atoms loaded 
into MOTl. We estimated the transfer efficiency to M0T2 
which is about 70 % for the ^'^^Cs experiment and about 
50 % for the ^^Rb experiment. 

We used a two-level system model to describe the pro- 
cesses during the atomic transfer. A good qualitative agree- 
ment between theory and experiment was found. The trans- 
fer efficiency is maximum for a large red detuning, and this 
maximum efficiency increases with the laser power. A more 
detailed discussion of the pushing, guiding and recapture 
processes is presented for a better understanding of the 
atomic transfer between the two traps. Our theoretical de- 
scription, which takes into account the optical pumping, 
the pushing force and the guiding potential nicely repro- 
duces the experimentally observed traveling time. 

In conclusion, we experimentally described and theoret- 
ically modelled a method to transfer cold atoms between 
two traps. Two different setups lead qualitatively to the 
same optimized parameters - a large laser power (tens of 
mW), ~ 1 GHz detuning, 300 /im waist. The implementa- 
tion of this technique in our setups brought in both cases a 
much better stability and improved loading efficiency, with 
respect to the use of a near resonant laser beam. 
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